Cancer Causes Control (2006) 17:539-545
DOI 10.1007/s10552-005-9010-9

ORIGINAL PAPER

Circadian disruption, shift work and the risk of cancer:
a summary of the evidence and studies in Seattle
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Abstract There is increasing interest in the possibility
that disruption of normal circadian rhythm may increase
the risk of developing cancer. Persons who engage in
nightshift work may exhibit altered nighttime melatonin
levels and reproductive hormone profiles that could in-
crease the risk of hormone-related diseases, including
breast cancer. Epidemiologic studies are now beginning to
emerge suggesting that women who work at night, and
who experience sleep deprivation, circadian disruption,
and exposure to light-at-night are at an increased risk of
breast cancer, and possibly colorectal cancer as well.
Several studies have been conducted in Seattle recently to
investigate the effects of factors that can disrupt circadian
rhythm and alter normal nocturnal production of melato-
nin and reproductive hormones of relevance to breast
cancer etiology. Studies completed to date have found: (1)
an increased risk of breast cancer associated with indi-
cators of exposure to light-at-night and night shift work;
and (2) decreased nocturnal urinary levels of 6-sul-
phatoxymelatonin associated with exposure to 60-Hz
magnetic fields in the bedroom the same night, and a
number of other factors including hours of daylight,
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season, alcohol consumption and body mass index. Re-
cently completed is an experimental crossover study de-
signed to investigate whether exposure to a 60-Hz
magnetic field under controlled conditions in the home
sleeping environment is associated with a decrease in
nocturnal urinary concentration of 6-sulphatoxymelatonin,
and an increase in the urinary concentration of luteinizing
hormone, follicle stimulating hormone, and estradiol in a
sample of healthy women of reproductive age. Presently
underway is a study to determine whether working at
night is associated with decreased levels of urinary 6-
sulphatoxymelatonin, and increased urinary concentrations
of the reproductive hormones listed above in a sample of
healthy women of reproductive age, and to elucidate
characteristics of sleep among night shift workers that are
related to the hormone patterns identified. A proposal is
under review to extend these studies to a sample of
healthy men to investigate whether working at night is
associated with decreased levels of urinary 6-sul-
phatoxymelatonin, and increased concentrations of urinary
cortisol and cortisone, urinary levels of a number of
androgen metabolites, and serum concentrations of a
number of reproductive hormones. Secondarily, the pro-
posed study will elucidate characteristics of sleep among
night shift workers that are related to the hormone pat-
terns identified, as well as investigate whether polymor-
phisms of the genes thought to regulate the human
circadian clock are associated with the ability to adapt to
night shift work. It is anticipated that collectively these
studies will enhance our understanding of the role of
circadian disruption in the etiology of cancer.
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There is increasing interest in the possible role of
environmental factors that can alter normal endocrine
function, often referred to as ‘endocrine disruptors,’ in the
etiology of cancer. Of particular interest is the potential
influence of exposure to light-at-night, and sleep disrup-
tion, on endocrine function and the regulation of hor-
mones that are important in the etiology of some types of
cancer. Persons who engage in night shift work are sub-
ject to the influence of both factors, and may exhibit al-
tered hormone profiles as a result that could increase the
risk of hormone-related diseases, including breast and
prostate cancer.

There is now considerable evidence that night shift
workers experience a variety of physical symptoms and
adverse health effects. Most notable are those associated
with gastrointestinal dysfunction [1-3], cardiovascular
morbidity [4-10], and some aspects of reproductive health.
Specifically, night shift workers have been reported to be at
increased risk of adverse pregnancy outcomes such as
preterm births and low birth weight [11-16], spontaneous
abortion [17-21], and reduced fecundity [21-23].

A number of studies have investigated a potential link
between night shift work and cancer. Four studies have
directly investigated the association between night shift
work and the development of breast [24-26] and colon [27]
cancer. Hansen [24] reported an increased risk of breast
cancer associated with occupational shift work exposure
(primarily women working in catering jobs or as air cabin
attendants) in a large study (over 6000 cases) in Denmark.
Davis et al. have reported an increased risk of breast cancer
in women who engaged in graveyard shift work [25], and
Schernhammer et al. [26] reported similar results in nurses
who worked rotating shifts. More recently, Schernhammer
et al. have extended their work to consider the effect of
night shift work on the risk of other cancers. They found an
increased risk of colorectal cancer associated with working
rotating night shifts among female participants in the
Nurses’ Health Study [27]. More indirectly, increased risks
of breast cancer have been reported among flight attendants
[28, 29] and shift-working Norwegian radio and telegraph
operators working at sea [30]. Numerous studies have
found an increased risk of prostate cancer among airline
pilots [31-38]. Excess prostate cancer has also been re-
ported in firefighters [34, 39, 40], health practitioners and
physicians [34, 40], and police and law enforcement per-
sonnel [34, 40], all of which are occupations which typi-
cally require some degree of night shift work. Collectively
these findings provide intriguing evidence that suggests
working at night, or in occupations characterized by night
shift work, may be associated with an increased risk of
cancer. Additional studies are now needed to better define
what aspects of night shift work (if any) are responsible for
the increased risks observed.
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Key in the regulation of the circadian clock is the pineal
gland, which provides a hormonal signal synchronized to
the daily light—dark cycle. Melatonin appears to be in-
volved in the regulation of gonadal function by influencing
the hypothalamic-pituitary-gonadal axis. Decreased con-
centrations of circulating melatonin (such as those brought
about by circadian disruption) can result in increased re-
lease of gonadotropins from the pituitary, thereby stimu-
lating testicular testosterone or ovarian estrogen production
and release. Conversely, melatonin secretion appears to be
unaffected by fluctuations in gonadal steroids. Thus,
through its control over gonadal hormone production,
melatonin may have an inhibitory effect on hormone-
dependent tumors. Melatonin may also have a more direct
effect on the development of cancer. Growth-inhibitory and
oncostatic properties of melatonin have been well de-
scribed. A number of in vitro studies have reported a
reduction in the growth of malignant cells and/or tumors of
the breast [41-45] prostate [46-51], and other tumor sites
[52-56] by both pharmacological and physiologic doses of
melatonin. In rodent models, pinealectomy has been found
to enhance tumor growth [57], and exogenous melatonin
administration has demonstrated anti-initiating [58] and
oncostatic activity [59-62] in various chemically induced
cancers as well as in virus transmitted tumors in mice [63].
A number of mechanisms have been proposed to explain
such direct anti-cancer activity: melatonin may have anti-
mitotic activity by its direct effect on hormone-dependent
proliferation through interaction with nuclear receptors; it
may affect cell-cycle control; and it may increase the
expression of the tumor-suppressor gene p53.

Light exposure has also been investigated directly in
relation to cancer development in experimental animals. In
1964, Jochle reported that spontaneous mammary tumors
in C3H-A mice increased with constant illumination [64].
Later, Shah et al. [65] reported that constant light increased
DMBA-induced mammary tumorigenesis in rats. Animals
exposed to constant light also showed greater DNA syn-
thesis activity in the mammary tissue, and higher levels of
circulating prolactin. Experimental evidence suggests that
light exposure during the dark cycle increases the
progression of cancer [66, 67], and that dim light is as
effective in this regard as bright and constant light [68, 69].

Epidemiologic studies of exposure to light-at-night in
relation to cancer risk are exceedingly difficult to conduct.
One approach has been to investigate whether profoundly
blind women, who generally do not perceive light, are at a
reduced risk of breast cancer. Using more than 100,000
U.S. hospital discharge records, Hahn identified women
with a primary diagnosis of breast cancer and a comparison
group of women with stroke or cardiovascular disease.
Among the comparison group, 0.26% were found pro-
foundly blind, whereas among the women with breast
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cancer, only 0.15% were profoundly blind [70]. Feychting
et al. [71] reported similar findings based on a cohort study
in Sweden. Pukkala et al. [72] also found lower breast
cancer risk in blind women in Finland although risk for
other cancers was higher, in contrast to the Swedish study.
In an extension of the study in Finland for an additional
year, Verkasalo et al. [73] included additional breast can-
cer cases and further refined the definition of visual
impairment to include five categories from moderate low
vision to total blindness. The Standardized Incidence Ratio
declined from 1.05 in women with ‘moderate low vision’ to
0.47 in totally blind women; the decrease was monotonic
and statistically significant. A recent report from Norway
[74] also suggests a lower risk in blind women. Two of the
studies described above also reported results regarding
prostate cancer in men. Feychting et al. found reduced
prostate cancer incidence among profoundly blind men, but
not among those classified as visually impaired but not
blind [71]. Although prostate cancer risk was not reduced
among partially sighted or almost blind men in the study
conducted by Pukkala et al., there were no cases of prostate
cancer among blind men [72].

A number of genes have now been identified that are
believed to be important in the regulation of circadian
rhythms [75]. The Period (Per) gene family is central to
this mechanism, as is the ®=CLOCK gene. Recently, specific
polymorphisms in these genes have been found to be
associated with a number of sleep-related conditions,
including diurnal preference (hWCLOCK, [76]; Per3, [77]);
delayed sleep phase syndrome and extreme diurnal pref-
erence (Per3, [78], [79]); and insomnia in mood disorders
(hCLOCK, [80]). Of particular interest is new evidence
that a polymorphism of Per3 is associated with the
development of breast cancer [81], and an alteration in
Per2 has been shown to affect tumor suppression and DNA
damage response in mice [82]. Thus, it is likely that there is
a genetic component that affects an individual’s ability to
adapt to circadian disruption, for example as a result of
working at night. If so, specific genotypes may define
groups that are more or less susceptible to the effects of
working night shifts, including the effects on melatonin and
reproductive hormones, and consequently the risk of
developing hormone-related cancer such as prostate or
breast cancer.

Several studies have been conducted in Seattle to
investigate the effects of factors that can disrupt circadian
rhythm and alter normal nocturnal production of melatonin
and reproductive hormones of relevance to breast cancer
etiology. The first study was a population-based case—
control study of breast cancer, designed to determine
whether exposure to light-at-night and/or residential power
frequency magnetic fields increases the risk of breast
cancer in women [25]. Cases of breast cancer (n=813),

aged 20-74 years, were diagnosed from November 1992
through March 1995. Controls (n=793) were identified by
random-digit dialing and were frequency matched to cases
according to S5-year age groups. An in-person interview
was used to gather information on sleep habits and bed-
room lighting environment in the 10 years before diagno-
sis, and a lifetime occupational history. In summary,
findings indicated that: (1) Breast cancer risk was increased
among subjects who frequently did not sleep during the
period of the night when melatonin levels are typically at
their highest, defined as between 1:00 and 2:00 am in this
study (OR=1.14 for each night per week, 95% C.I=1.01-
1.28); (2) Breast cancer risk was increased with increasing
number of years (in the 10 prior to reference date) of
having a sleep pattern in which the subject frequently (3 or
more nights/week) did not sleep during the period of the
night when melatonin levels are typically highest, with the
category of longest exposure (4.6 years or more) having a
greater than two-fold increase in risk (OR=2.3, 95%
C.I=1.2-4.2); and (3) Ever having worked graveyard shift
was associated with an increased breast cancer risk
(OR=1.6, 95% C.1.=1.0-2.5), with a trend of increasing
risk with increasing years and with more hours per week of
graveyard shift-work (P..,q=0.02, Wald ;(2).

The second study was undertaken to address the more
fundamental question of whether one specific factor
thought to disrupt circadian rhythms, 60-Hz magnetic
fields, can suppress the normal nocturnal rise in melatonin.
This study [83] investigated whether such exposure was
associated with lower nocturnal urinary concentration of 6-
sulfatoxymelatonin in 203 women aged 20-74 years with
no history of breast cancer. Each woman was interviewed
and provided data on the following for a 72-h period at two
different seasons of the year: (1) Magnetic field and
ambient light measured every 30 s in her bedroom, (2)
Personal magnetic field measured at 30-s intervals, and (3)
Complete nighttime urine samples for three consecutive
nights. Lower nocturnal urinary 6-sulfatoxymelatonin level
was associated with more hours of daylight, older age,
higher body mass index, current alcohol consumption, and
current use of medications classified as beta blockers,
calcium channel blockers, or psychotropics. After adjust-
ment for these factors, higher bedroom magnetic field level
was associated with significantly lower urinary concentra-
tion of 6-sulfatoxymelatonin during the same night, pri-
marily in women who used these medications and during
times of the year with the fewest hours of darkness. These
principal findings provide some of the first population-
based evidence that a factor thought to affect normal pineal
function is associated with a reduction in the normal noc-
turnal rise in melatonin levels in humans. Results were also
internally consistent regarding the effects of a number of
factors previously shown to affect pineal function, and
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demonstrated that the field methods and assay employed
were capable of detecting changes in hormone levels of the
type predicted.

The third study investigated whether exposure to mag-
netic fields under controlled conditions in the home
sleeping environment is associated with a decrease in
nocturnal melatonin levels and an increase in urinary
concentrations of estradiol, luteinizing hormone (LH), and
follicle stimulating hormone (FSH) in healthypre-meno-
pausal women. A secondary aim was to characterize the
relationship between nocturnal levels of melatonin and
estradiol, LH, and FSH. The study recruited approximately
160 participants and employed a cross-over design, with
stringent eligibility criteria to ensure participants exhibited
normal ovarian function and had predictably regular men-
strual cycles. Menstrual cycle regularity was evaluated in
month 1 of the study using an ovulation prediction Kkit.
Upon ovulation in month 2, half of the subjects were as-
signed to sleep with a small, common household appliance,
which emitted a steady, measurable magnetic field under-
neath the bed beginning day 1 post-ovulation, for five
consecutive nights. During the last night of exposure, the
subject collected all urine excreted during the night,
including the first void the next morning. Procedures in
month 3 were the same, except the subject slept with the
appliance turned off. The other half of the subjects were
assigned the reverse order of exposure assessment.
Magnetic field levels at the head of the subject’s bed were
recorded during the 5 days of exposure/non-exposure per-
iod. Subjects were blinded to the on/off status of the
appliance.

To date, a preliminary analysis has investigated whether
nocturnal urinary melatonin levels are lower under expo-
sure conditions relative to non-exposure. Analyses were
conducted with no adjustment for covariate factors, and
with adjustment for the following factors shown in the
melatonin study described above to be associated with
nocturnal melatonin levels: age, hours of darkness (a mea-
sure of season), alcohol consumption in the previous 24 h,
body mass index, and use of medications classified as
psychotropics in the previous 24 h. Using standard analyt-
ical methods for analyzing cross-over data, there was no
evidence of a carry-over effect of exposure or a period
effect; therefore, these effects were not considered
further. Preliminary findings indicate that nocturnal
6-sulphatoxymelatonin level was lower in the exposure
month, relative to the non-exposure month, but this was
not statistically significant. After adjustment for the
factors listed above, the effect of exposure on 6-sul-
phatoxymelatonin levels was slightly more pronounced
and statistically significant. These results provide
important preliminary evidence that exposure to 60-Hz
magnetic fields decreases the normal nocturnal rise in
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melatonin, and constitutes the first evidence of this type
in a population setting under largely controlled condi-
tions. Analyses are underway regarding the effects of the
exposure on the reproductive hormones.

The fourth study, which is currently ongoing, was
designed to directly pursue evidence that suggests night
shift work may increase cancer risk, and breast cancer
risk in particular. This study will investigate whether
working at night is associated with decreased levels of
the urinary concentration of 6-sulphatoxymelatonin, and
increased levels of reproductive hormones believed to be
directly related to the development of breast cancer, in a
sample of healthy women of reproductive age. Second-
arily, the study will investigate whether urinary levels of
melatonin are lower and levels of reproductive hormones
are higher during daytime sleep relative to nighttime sleep
among women who work at night. Approximately 200
women healthcare professionals between the ages of 22
and 45 who work the night shift and 150 who work the
day shift exclusively are being recruited in the Seattle
metropolitan area. Stringent eligibility criteria are in place
to ensure participants exhibit normal ovarian function and
predictably regular menstrual cycles, and that they not be
taking hormone contraceptives and not have been preg-
nant or breast feeding in the last year. In addition, the
night shift women must normally sleep at night during off
days. This study allows for both between-subject com-
parisons of night shift versus day shift workers, and
within-subject comparisons during day sleep versus night
sleep among the night shift workers. In the first month of
the study menstrual cycle regularity is evaluated, the day
of ovulation is determined using a commercial kit, a
personal interview regarding employment, reproductive
history, and assessment of adaptability to shift work is
conducted, and a blood sample is collected. In the second
month urine sample collections are scheduled during both
work and sleep periods, taking place in the early to mid-
luteal phase of each participant’s cycle. Sleep patterns are
measured via actigraphy during the sleep periods corre-
sponding to urine collection, and oral temperature data are
collected during wake-time in the night shift workers to
determine temperature amplitude. Information is also
collected on factors which may be related to the
hormones under study, such as alcohol consumption,
medication use, and hours of daylight. Urine samples will
be assayed for 6-sulphatoxymelatonin and levels of LH,
FSH, and estrogen.

This study will test the following hypotheses between
graveyard and day shift workers: (1) urinary 6-sul-
phatoxymelatonin levels are lower and urinary levels of
estrogen and the gonadotropins LH and FSH are higher in
graveyard shift-working women during daytime sleep than
in day shift-working women during nighttime sleep;
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(2) nocturnal urinary 6-sulphatoxymelatonin levels are
lower and nocturnal urinary levels of estrogen and the
gonadotropins LH and FSH are higher in graveyard
shift-working women during nighttime sleep on off-nights
than in day shift-working women who always sleep at
night; (3) women who work during the day and sleep at
night get more hours of sleep, have higher sleep efficiency,
and fewer number of arousals after sleep onset than those
who work the graveyard shift and sleep during the day; and
(4) women who work during the day and sleep at night
report having higher sleep quality than those who work the
graveyard shift and sleep during the day. The study will
test the following hypotheses among graveyard shift
workers: (1) urinary 6-sulphatoxymelatonin levels are
lower during daytime sleep than during nighttime sleep;
(2) urinary levels of estrogen and the gonadotropins LH
and FSH are higher during daytime sleep than during
nighttime sleep; (3) individuals who score highly on
measures of ability to adjust to shift work get more hours of
sleep, have higher sleep efficiency, and fewer number of
arousals after sleep onset during daytime sleep than those
with lower adjustability scores; (4) individuals who score
highly on measures of ability to adjust to shift work have
higher urinary 6-sulphatoxymelatonin levels during day-
time sleep than those with lower adjustability scores; and
(5) individuals who have higher temperature amplitudes
(an indicator of adaptation to shift work) have higher uri-
nary 6-sulphatoxymelatonin levels during daytime sleep
than those with lower temperature amplitudes.

Finally, a proposal is under review to extend these
studies to a sample of healthy men. The primary objective
of the proposed study is to determine whether working at
night is associated with: (1) decreased levels of the urinary
concentration of 6-sulphatoxymelatonin; (2) increased
concentrations of testosterone, dihydrotesterone (DHT),
3-o androstanediol glucuronide (AAG), dehydroepiand-
rosterone sulfate (DHEAS), estrone, and estradiol in serum;
(3) increased urinary concentrations of the following
androgen metabolites: conjugated testosterone, DHT,
etiocholanolone, androsterone, androstanediol, and DHEA;
(4) and decreased serum levels of sex hormone-binding
globulin (SHBG). Secondarily, this study is designed to
investigate: (1) whether urinary levels of melatonin are
lower and serum and urinary levels of the androgens and
metabolites listed above are higher during daytime sleep
relative to nighttime sleep among men who work at night;
and (2) if certain polymorphisms of the human circadian
clock genes are associated with an individual’s ability to
adapt to night shift work. Approximately 200 male health
care workers who work the night shift and 150 male health
care workers who work the day shift will be recruited as
volunteers in the Seattle metropolitan area. Eligible par-
ticipants must be between the ages of 22 and 55, employed

for at least 20 h/week, do not take hormone preparations,
and have no personal history of prostate cancer. In addi-
tion, the night shift workers must normally sleep at night
during off days. Participation includes completion of an in-
person interview, assessment of ability to adapt to shift
work, and blood and urine collections that will be sched-
uled during both work and sleep periods. Sleep patterns
will be measured via actigraphy during the sleep periods
corresponding to sample collection. Oral temperature data
will be collected during wake-time in the night shift
workers to determine temperature amplitude. Information
will be collected on factors which may be related to the
hormones under study, such as alcohol consumption,
medication use, and hours of daylight during sample col-
lection. Serum and urine samples will be assayed for the
hormones listed above, and blood samples will be geno-
typed for specific polymorphisms of the h(CLOCK, Per2,
and Per3 genes.

In summary, findings from studies conducted in Seattle
have found that exposure to light-at-night and working at
night (graveyard shift) are associated with an increased risk
of breast cancer. Exposure to power frequency magnetic
fields reduces nocturnal melatonin levels in healthy women
of reproductive age, as does increasing hours of daylight.
Analyses are currently underway evaluating whether
exposure to magnetic fields under controlled conditions not
only reduces nocturnal melatonin levels, but also increases
urinary levels of estrogen, LH and FSH; hormones of rel-
evance to the etiology of breast cancer. An ongoing study
is currently investigating the impact of working night shifts
on melatonin and female reproductive hormone levels, and
will have the capability of evaluating the role of variations
in genes involved in the regulation of the human circadian
clock on a person’s ability to adapt to shift work. Efforts
are underway to expand these studies of the effects of night
shift work on melatonin and reproductive hormones, and
the role of genetic variation in a person’s ability to adapt to
shift work, to include men.

References

1. Angersbach D, Knauth P, Loskant H, et al. (1980) A retrospective
cohort study comparing complaints and diseases in day and shift
workers. Intern Arch Occup Environ Health 45:127-140

2. Colligan MJ, Frock 1J, Tasto D (1980) Shift work — the incidence
of medication use and physical complaints as a function of shift.
Occupational and Health Symposia — 1978. Washington, DC: US
Dept of Health, Education and Welfare. (NIOSH Publication
80-105)

3. Minors DS, Scott AR, Waterhouse JM (1986) Circadian
arrhythmia: shiftwork, travel and health. J Soc Occup Med
36:39-44

4. Knutsson A, Hallquist J, Reuterwall C, et al. (1999) Shift work
and myocardial infarction: a case—control study. Occup Environ
Med 56:46-50

@ Springer



544

Cancer Causes Control (2006) 17:539-545

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Steenland K, Fine L (1996) Shift work, shift change, and risk of

death from heart disease at work. Am J Ind Med 29:278-281

. Tuchsen F (1993) Working hours and ischaemic heart disease in

Danish men: a 4-year cohort study of hospitalization. Int J Epi-
demiol 22:215-221

. Knutsson A, Akerstedt T, Jonsson BG, et al. (1986) Increased risk

of ischaemic heart disease in shift workers. Lancet 2:89-92

. Kawachi I, Colditz GA, Stampfer MJ, et al. (1995) Prospective

study of shift work and risk of coronary heart disease in women.
Circulation 92:3178-3182

. Alfredsson L, Karasek R, Theorell T (1982) Myocardial infarc-

tion risk and psychosocial work environment: an analysis of the
male Swedish working force. Soc Sci Med 16:463-467
Tenkanen L, Sjoblom T, Kalimo R, et al. (1997) Shift work,
occupation and coronary heart disease over 6 years of follow-up
in the Helsinki Heart Study. Scand J Work Environ Health
23:257-265

Mammalle N, Laumon E, Lazar P (1984) Prematurity and
occupational activity during pregnancy. Am J Epidemiol 119:309
McDonald AD, McDonald JC, Armstrong B, et al. (1988) Pre-
maturity and work in pregnancy. Br J Ind Med 45:56-62
Nurminen T (1989) Shift work, fetal development and course of
pregnancy. Scand J] Work Environ Health 15:395-403

Arendt J, Deacon S (1997) Treatment of circadian rhythm dis-
orders—melatonin. Chronobiol Int 14:185-204

Axelsson G, Rylander R, Molin I (1989) Outcome of pregnancy
in relation to irregular and inconvenient work schedules. Br J Ind
Med 46:393-398

Xu X, Ding M, Li B, Christiani DC (1994) Association of
rotating shiftwork with preterm births and low birth weight
among never smoking women textile workers in China. Occup
Environ Med 51:470-474

McDonald AD, McDonald JC, Armstrong B, et al. (1988) Fetal
death and work in pregnancy. Br J Ind Med 45:148-157
Axelsson G, Ahlborg G Jr, Bodin L (1996) Shift work, nitrous
oxide exposure, and spontaneous abortion among Swedish mid-
wives. Occup Environ Med 53:374-378

Axelsson G, Lutz C, Rylander R (1984) Exposure to solvents and
outcome of pregnancy in university laboratory employees. Br J
Ind Med 41:305-312

Hemminki K, Kyyronen P, Lindbohm ML (1985) Spontaneous
abortions and malformations in the offspring of nurses exposed to
anaesthetic gases, cytostatic drugs, and other potential hazards in
hospitals, based on registered information of outcome. J
Epidemiol Community Health 39:141-147

Uehata T, Sasakawa N (1982) The fatigue and maternity distur-
bances of night workwomen. J Hum Ergol (Tokyo) 11:465-474
Ahlborg G Jr, Axelsson G, Bodin L (1996) Shift work, nitrous
oxide exposure and subfertility among Swedish midwives. Int J
Epidemiol 25:783-790

Bisanti L, Olsen J, Basso O, et al. (1996) Shift work and subfe-
cundity: a European multicenter study. J Occup Environ Med
38:352-358

Hansen J (2001) Increased breast cancer risk among women who
work predominantly at night. Epidemiology 12:74-77

Davis S, Mirick DK, Stevens RG (2001) Night shift work, light at
night, and the risk of breast cancer. J Natl Cancer Inst 93:1557—
1562

Schernhammer ES, Laden F, Speizer FE, et al. (2001) Rotating
night shifts and risk of breast cancer in women participating in
the Nurses’ Health Study. J Natl Cancer Inst 93:1563-1568
Schernhammer ES, Laden F, Speizer FE, et al. (2003) Night-Shift
Work and Risk of Colorectal Cancer in the Nurses’ Health Study.
J Natl Cancer Inst 95:825-828

Pukkala E, Auvinen H, Wahlberg G (1995) Incidence of cancer
among Finnish airline cabin attendants. BMJ 311:649-652

@ Springer

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Rafnsson V, Tulinius H, Jonasson JG, et al. (2001) Risk of breast
cancer in female flight attendants: a population-based study
(Iceland). Cancer Causes Control 12:95-101

Tynes T, Hannevik M, Andersen A, et al. (1996) Incidence of
breast cancer in Norwegian female radio and telegraph operators.
Cancer Causes Control 7:197-204

Band PR, Spinelli JJ, Ng VTY, et al. (1990) Mortality and cancer
incidence in a cohort of commercial airline pilots. Aviat Space
Environ Med 61:299-302

Irvine D, Davies DM (1992) The mortality of British Airways
pilots 1966-89:a proportional mortality study. Aviat Space
Environ Med 63:276-279

Band PR, Le ND, Fang R, et al. (1996) Cohort study of Air
Canada pilots: mortality, cancer incidence, and leukemia risk.
Am J Epidemiol 143:137-143

Krstev S, Baris D, Stewart PA, et al. (1998) Risk for prostate
cancer by occupation and industry: a 24-state death certificate
study. Am J Ind Med 34:413-420

Irvine D, Davies DM (1999) British Airways flightdeck mortality
study, 1950-92. Aviat Space Environ Med 70:548-555
Rfnassan V, Hrafnkelsson J, Tulinius H (2000) Incidence of
cancer among commercial airline pilots. Occup Environ Med
57:175-179

Pukkala E, Aspholm R, Auvinen A, et al. (2002) Incidence of
cancer among Nordic airline pilots over five decades: occupa-
tional cohort study. BMJ 325:567-569

Pukkala E, Aspholm R, Auvinen A, et al. (2003) Cancer inci-
dence among 10,211 airline pilots: a Nordic study. Aviat Space
Environ Med 74:699-706

Krstev S, Baris D, Stewart P, et al. (1998) Occupational risk
factors and prostate cancer in U.S. blacks and whites. Am J Ind
Med 34:421-430

Demers PA, Checkoway H, Vaughan TL, et al. (1994) Cancer
incidence among firefighters in Seattle and Tacoma, Washington
(United States). Cancer Causes Control 5:129-135

Hill SM, Blask DE (1988) Effects of the pineal hormone mela-
tonin on the proliferation and morphological characteristics of
human breast cancer cells (MCF-7) in culture. Cancer Res
48:6121-6126

Cos S, Fernandez F, Sanchez-Barcelo EJ (1996) Melatonin
inhibits DNA synthesis in MCF-7 human breast cancer cells in
vitro. Life Sci 58:2447-2453

Cos S, Fernandez R, Guezmes A, et al. (1998) Influence of
melatonin on invasive and metastatic properties of MCF-7 human
breast cancer cells.Cancer Res 58:4383—4390

Cos S, Mediavilla MD, Fernandez R, et al. (2002) Does mela-
tonin induce apoptosis in MCF-7 human breast cancer cells in
vitro? J Pineal Res 32:90-96

Mediavilla MD, Cos S, Sanchez-Barcelo EJ (1999) Melatonin
increases p53 and p21WAF1 expression in MCF-7 human breast
cancer cells in vitro. Life Sci 65:415-420

Siu SW, Lau KW, Tam PC, et al. (2002) Melatonin and prostate
cancer cell proliferation: interplay with castration, epidermal
growth factor, and androgen sensitivity. Prostate 52:106—122
Rimler A, Lupwitz Z, Zisapel N (2002) Differential regulation by
melatonin of cell growth and androgen receptor binding to the
androgen response element in prostate cancer cells. Neuroendo-
crinol Lett 23:45-49

Marelli MM, Limonta P, Maggi R, et al. (2000) Growth-inhibi-
tory activity of melatonin on human androgen-independent DU
145 prostate cancer cells. Prostate 45:238-244

Xi SC, Tam PC, Brown GM, et al. (2000) Potential involvement
of mtl receptor and attenuated sex steroid-induced calcium influx
in the direct anti-proliferative action of melatonin on androgen-
responsive LNCaP human prostate cancer cells. J Pineal Res
29:172-183



Cancer Causes Control (2006) 17:539-545

545

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Moretti RM, Marelli MM, Maggi R, et al. (2000) Anti-prolifer-
ative action of melatonin on human prostate cancer LNCaP cells.
Oncol Rep 7:347-351

Philo R, Berkowitz AS (1988) Inhibition of dunning tumor
growth by melatonin. J Urol 139:1099-1102

Sze SF, Ng TB, Liu WK (1993) Anti-proliferative effect of pineal
indoles on cultured tumor cell lines. J Pineal Res 14:27-33
Ying SW, Niles LP, Crocker C (1993) Human malignant mela-
noma cells express high-affinity receptors for melatonin: anti-
proliferative effects of melatonin and 6-chloromelatonin. Eur J
Pharmacol 246:89-96

Petranka J, Baldwin WS, Bierman J, et al. (1999) The oncostatic
action of melatonin in an ovarian carcinoma cell line. J Pineal
Res 26:129-136

Shiu SY, Li L, Xu JN, et al. (1999) Melatonin-induced inhibition
of proliferation and G1/S cell cycle transition delay of human
choriocarcinoma JAr cells: possible involvement of MT2
(MELI1B) receptor. J Pineal Res 27:183-192

Kanishi Y, Kobayashi Y, Noda S, et al. (2000) Differential
growth inhibitory effect of melatonin on two endometrial cancer
cell lines. J Pineal Res 28:227-233

Tamarkin L, Cohen M, Roselle D, et al. (1981) Melatonin inhi-
bition and pinealectomy enhancement of 7,12-dimethyl-
benz(a)anthracene-induced mammary tumors in the rat. Cancer
Res 41:4432-4436

Musatov SA, Anisimov VN, Andre V, et al. (1999) Effects of
melatonin on N-nitroso-N-methylurea-induced carcinogenesis in
rats and mutagenesis in vitro (Ames test and COMET assay).
Cancer Lett 138:37-44

Anisimov VN, Popovich IG, Zabezhinski MA (1997) Melatonin
and colon carcinogenesis: 1. Inhibitory effect of melatonin on
development of intestinal tumors induced by 1,2-dimethylhy-
drazine in rats. Carcinogenesis 18:1549-1553

Anisimov VN, Kvetnoy IM, Chumakova NK, et al. (1999) Mel-
atonin and colon carcinogenesis. Exp Toxicol Pathol 51:47-52
Cini G, Coronnello M, Mini E, et al. (1988) Melatonin’s growth-
inhibitory effect on hepatoma AH 130 in the rat. Cancer Lett
125:51-59

Mocchegiani E, Perissin L, Santarelli L, et al. (1999) Melatonin
administration in tumor-bearing mice (intact and pinealectom-
ized) in relation to stress, zinc, thymulin and IL-2. Int J Immu-
nopharmacol 21:27-46

Subramanian A, Kothari L (1991) Melatonin, a suppressor of
spontaneous murine mammary tumors. J Pineal Res 10(3):136-140
Jochle W (1964) Trends in photophysiologic concepts. Ann N Y
Acad Sci 117:88-104

Shah PN, Mhatre MC, Kothari LS (1984) Effect of melatonin on
mammary carcinogenesis in intact and pinealectomized rats in
varying photoperiods. Cancer Res 44:3403-3407

Blask DE, Sauer LA, Dauchy R, et al. (1999) New actions of
melatonin on tumor metabolism and growth. Biol Signals Recept
8:49-55

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Blask DE, Dauchy RT, Sauer LA, et al. (2002) Light during
darkness, melatonin suppression and cancer progression. Neuro-
endocrinol Lett 23:52-56

Dauchy RT, Sauer LA, Blask DE, et al. (1997) Light contami-
nation during the dark phase in ‘‘photoperiodically controlled’’
animal rooms: effect on tumor growth and metabolism in rats.
Lab Anim Sci 47:511-518

Dauchy RT, Blask DE, Sauer LA, et al. (1999) Dim light during
darkness stimulates tumor progression by enhancing tumor fatty
acid uptake and metabolism. Cancer Lett 144:131-136

Hahn RA (1991) Profound bilateral blindness and the incidence
of breast cancer. Epidemiology 2:208-210

Feychting M, Osterlund B, Ahlbom A (1998) Reduced cancer
incidence among the blind. Epidemiology 9:490-494

Pukkala E, Verkasalo PK, Ojamo M, et al. (1999) Visual
impairment and cancer: a population-based cohort study in Fin-
land. Cancer Causes Control 10:13-20

Verkasalo PK, Pukkala E, Stevens RG, et al. (1999) Inverse
association between breast cancer incidence and degree of visual
impairment in Finland. Br J Cancer 80:1459-1460

Kliukiene J, Tynes T, Andersen A (2001) Risk of breast cancer
among Norwegian women with visual impairment. Br J Cancer
84:397-399

Reppert SM, Weaver DR (2001) Molecular analysis of mam-
malian circadian rhythms. Annu Rev Physiol 63:647-676
Katzenberg D, Young T, Finn L, et al. (1998) A CLOCK poly-
morphism associated with human diurnal preference. Sleep
21:569-576

Johansson C, Willeit M, Smedh C, et al. (2003) Circadian clock-
related polymorphisms in seasonal affective disorder and their
relevance to diurnal preference. Neuropsychopharmacology
28(4):734-739

Archer SN, Robilliard DL, Skene DJ, et al. (2003) A length
polymorphism in the circadian clock gene Per3 is linked to de-
layed sleep phase syndrome and extreme diurnal preference.
Sleep 26:413-415

Ebisawa T, Uchiyama M, Kajimura N, et al. (2001) Association
of structural polymorphisms in the human period3 gene with
delayed sleep phase syndrome. EMBO Rep 2:342-346

Parry BL, Newton RP (2001) Chronobiological basis of female-
specific mood disorders. Neuropsychopharmacology 25:S102—
S108

Zhu Y, Brown HN, Zhang Y, et al. (2005) Period3 structural
variation: a circadian biomarker associated with breast cancer in
young women. Cancer Epidemiol Biomarkers Prev 14:268-270
Fu L, Pelicano H, Liu J, et al. (2002) The circadian gene Period2
plays an important role in tumor suppression and DNA damage
response in vivo. Cell 111:41-50

Davis S, Kaune WT, Mirick D, Chen C, Stevens RG. (2001)
Residential Magnetic Fields, Light-at-Night, and Nocturnal Uri-
nary 6-sulphatoxymelatonin in Women. Am J Epidemiol
154:591-600

@ Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


